We have experimentally realized an ultrashort focal length planoconcave microlens in an InP/ InGaAsP semiconductor two-dimensional ͑2D͒ photonic crystal with negative index of refraction ͑−0.7͒. At = 1.5 m, the lens exhibits ultrashort focal lengths of 12 m ͑ϳ8͒ and numerical aperture close to unity. The focused beam has a near diffraction-limited spot size of 1.05 m ͑ϳ0.68͒ at full width at half maximum. The negative refractive index and focusing properties of the microlens are confirmed by 2D finite-difference time-domain simulations. Such ultrarefractive negative-index nano-optical microlenses can be integrated into existing semiconductor heterostructure platforms for next-generation optoelectronic applications.
The pressing need for miniaturization in the microelectronics industry and the advent of fiber optics for communications purposes have led to the emergence of microlenses 1 of dimensions less than a millimeter down to a few microns. Microlens arrays are used to increase the light collection efficiency, particularly in the infrared spectrum, in charge coupled devices ͑CCDs͒ that form the backbone of modern digital cameras and other sensor-type devices. As the demand for higher resolution digital cameras continues to rise, the pixel size of CCDs will shrink and lead to a need for much smaller microlenses having shorter focal lengths, less spherical aberrations, larger numerical aperture, and diffraction-limited beam spot size.
Parallel to the evolution of the micro-optics area, theoretical investigations on negative refractive index metamaterials [2] [3] [4] and photonic crystals [5] [6] [7] [8] [9] ͑PhCs͒ have resulted in a new breed of artificially engineered metamaterials, [10] [11] [12] [13] exhibiting a myriad of interesting properties. [14] [15] [16] [17] [18] [19] Because the band structure and isofrequency contours of PhCs are so different from the circles or ellipsoids of a homogeneous dielectric medium, a number of exotic effects can be obtained. By appropriately designing the PhC, one can emulate the behavior of a negative refractive index homogeneous metamaterial, where the negative index arises when both ⑀ and are negative. For strongly modulated PhCs in the vicinity of the photonic bandgap, an effective phase refractive index can be defined, which can be controlled by the band structure. This effective refractive index can be less than unity and can also be negative.
When the refractive index n is negative, focusing can be achieved using planoconcave lenses, in contrast to convex lenses necessary for ordinary positive index materials. Negative-index planoconcave PhC lenses can be superior to planoconvex microlenses 20 as they possess a larger numerical aperture ͑close to unity͒, diffraction-limited spot size, display less spherical aberrations 21 and have shorter focal lengths. These properties make negative-index nano-optical microlenses ideal candidates for integration in future CCDs and other next-generation optoelectronic applications. Preliminary negative refraction experiments on two-dimensional ͑2D͒ planoconcave PhCs have been realized earlier, in the microwave spectrum, by our group 22 and others. 23 However, the PhCs used by our group in the microwave regime consisted of an assembly of commercial alumina rods, placed in a parallel plate waveguide, which are unsuitable for nanooptics applications.
In this letter, we report the first experimental realization of an ultrarefractive ͑refractive index less than 1 and close to zero͒ negative-index 2D PhC microlens at optics, nanofabricated in an InP/InGaAsP semiconductor heterostructure platform. Dispersion engineering principles were used to design the PhC microlens with an effective phase refractive index n p ϳ −0.7. In the case described here, the 2D PhCs behave like an isotropic dielectric medium, where refraction can be described by Snell's law. The ultrarefractive 2D PhC microlens was illuminated with near-infrared light at normal incidence. The wave field at the focal point was mapped with a near-field scanning optical microscope ͑NSOM͒. The study of the beam propagation in the PhC microlens was carried out using 2D finite-difference time-domain ͑FDTD͒ simulations. The numerical simulations were found to be in excellent agreement with the experimental results.
To illustrate this, we consider a 2D PhC consisting of a square lattice of air holes, with diameter of 295 nm and lattice spacing of 470 nm, in a InP/InGaAsP heterostructure dielectric medium, as shown in core layer plane with an effective refractive index of 3.231 transverse electric ͑TE͒ modes and 3.216 transverse magnetic ͑TM͒ modes. The dielectric medium is assumed to be nonmagnetic and thus = 1. The band structure of this lattice, which shows the set of available states ͑k͒ around the boundaries of the Brillouin zone, is illustrated in Fig. 2͑a͒ , where k is the Bloch wave vector and is the frequency of the propagating waves. Figure 2͑a͒ reveals that this 2D PhCs will exhibit an effective negative phase refractive index in the second band close to the photonic bandgap. To show this more clearly, we make a contour plot ͑or isofrequency diagram͒ of ͑k x , k y ͒ in the ͑k x , k y ͒ plane, showing the periodic curves of constant . Given the isofrequency diagram illustrated in Fig. 2͑b͒ , one can determine the number of refracted waves ͑if any͒, and in what states or directions they propagate.
The propagation direction is determined by the group velocity ជ g = ٌ k , which is perpendicular to the contours and points in the direction of increasing . Here we observe that the isofrequency contours in the second band move inward with increasing , indicating that ជ g · k ជ Ͻ 0. Since the phase refractive index n p adopts the same sign as ជ g · k ជ , then n p Ͻ 0. Figure 2͑b͒ also reveals that the isofrequency contours are circular near the bandgap, which means that we can define an effective refractive index from the radius of the isofrequency contours using Snell's law, i.e., the formula ͉k͉ = ͉n p ͉ / c applies in this case. Band structure calculations indicate that n p Ϸ −0.7 around ϳ 1.5 m wavelengths.
Interestingly, ultrarefractive planoconcave lenses have less spherical aberrations than their planoconvex analogs in micro-optics. This can be deduced by deriving an analytical formula to quantify the extent of spherical aberrations of a lens. Spherical aberrations originate from the angular dependence on the focal length f͑͒. It implies that if f͑͒ / f͑0͒ is relatively flat for all angles, then the aberrations are very small. For both planoconvex and planoconcave lenses,
From Eq. ͑1͒, if n ϳ 0, the spherical aberrations are small. The aberrations will vanish if n = 0. Negative-index planoconcave lenses also have shorter focal lengths than their planoconvex counterpart. This can be seen from the geometrical optics formula f = R / ͉n −1͉ , ∀ n. In our design, with R =20 m, the focal point is located ϳ12 m away from the concave face.
Since the focal point is inward and very close to the concave face for negative-index planoconcave designs, then the opening angle 2␣ → . Thus the numerical aperture ͑NA= n air sin ␣͒ is close to 1.
For optical characterization purposes, the final structure design consisted of the following three subcomponents ͓shown in Fig. 3͑a͔͒ . ͑i͒ A 0.501 mm long waveguide, having 5 m wide trenches on each side, for transporting light to the microlens; the waveguide was inversely tapered 100 m from the end, with a tapered core width varying from 5 to 40 m. ͑ii͒ The negative-index 2D PhC ultrarefractive microlens consists of air holes with a diameter of 295 nm and lattice spacing of 480 nm ͓shown in Fig. 3͑b͔͒. ͑iii͒ Finally an open cavity ͑semicircle juxtaposed to a 30ϫ 70 m 2 rectangle͒ at the end of the ultrarefractive microlens. The design was patterned on polymethylmethacrylate ͑PMMA͒ polymer resist using electron beam lithography. The etching in the InP/InGaAsP heterostructure layers was a two-step process. ͑a͒ The pattern defined in the PMMA polymer was first transferred to a silicon nitride hard mask. ͑b͒ The pattern was then subsequently transferred to the InP/InGaAsP, both using reactive ion etching processes.
In the characterization experiment, light is butt coupled into the end of the waveguide, at the cleaved facet, with a monomode optical fiber mounted on an xyz positioning stage. The light in the optical fiber originates from a continuous wave tunable semiconductor laser ͑1550-1580 nm͒ through a series of optical components. In order to reduce spatial misalignment in the butt coupling process, an infrared camera connected to a microscope port was used as a visual aid. The beam travels in the 5 m wide integrated waveguide for a distance of 0.5 mm before expanding in the in- 
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verse taper and reaching the planoconcave microlens with a transverse size of 40 m. After emerging from the 2D PhC microlens, the planar wavefront is expected to focus in the air cavity, at a distance of 12 m away from the concave face. The optical measurement was performed with a nearfield optical microscope ͑Nanonics MultiView 2000™͒ where a tapered fiber probe, with an aperture diameter of 150 nm, was used in collection mode. The fiber tip was raster scanned at a constant height of about 500 nm above the sample surface, allowing us to map the optical intensity distribution over a grid of 256ϫ 256 points spanning an area of 30ϫ 30 m 2 . The output end of the fiber probe was connected to a nitrogen cooled germanium detector ͑North Coast Scientific Corp., model No. EO-817L͒. Additionally, a typical lock-in amplifier and optical chopper were utilized to minimize the signal-to-noise ratio. The reconstructed image, at a wavelength of 1530 nm, is shown in Fig. 4͑a͒ . Note that Fig. 4͑a͒ is a composite picture consisting of a scanning electron microscopy ͑SEM͒ image of the lens superposed on a NSOM scan. The high field intensity distribution near the cavity center clearly demonstrates the focusing property of the planoconcave microlens. The focused beam spot has an experimental full width at half maximum ͑FWHM͒ of ϳ0.68, as shown in the inset picture in Fig. 4͑a͒ . Identical focusing was observed over a range of wavelengths varying from 1510 to 1560 nm.
The results were further confirmed using 2D FDTD simulations. A 40 m wide plane parallel TE-polarized Gaussian beam was chosen as incident field excitation for the microlens in order to match the experimental conditions. The FDTD simulation results of the microlens for the electric field intensity are shown in Fig. 4͑b͒ . The calculated FWHM from simulations is 0.67.
We have experimentally realized an ultrarefractive 2D PhC microlens, exhibiting an effective phase index of refraction of −0.7 and a numerical aperture close to 1, in an InP/ InGaAsP platform. The effective refractive index of the PhC lenses can be tuned by properly designing the crystal lattice. Near-field scanning microscopy experiments at infrared wavelengths revealed that the lens focuses plane waves down to a spot size of 0.68 ͑FWHM͒ with a focal length of 12 m ͑ϳ8͒. The type of microlens described in this letter is a purely dielectric system and therefore has a low intrinsic material loss, unlike the traditional metallic resonator metamaterials that suffer from high losses due to the inherent imaginary part of the metal's permittivity. 23 The extrinsic losses that are expected in this system only originate from the imperfections in the nanofabrication, coupling losses, and interface losses.
We have thus demonstrated a superior negative-index planoconcave microlens having compact footprint, ultrashort focal length, diffraction-limited spot size, larger numerical aperture, and reduced spherical aberrations compared to a conventional positive index planoconvex lens. With the high level of design flexibility of PhCs and low-loss dielectric medium, the microlens can be easily scaled to operate in any frequency region.
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